We have carried out detailed bulk and local probe studies on the hexagonal oxides Ba3M Ir2O9 (M =Sc,Y) where Ir is expected to have a fractional oxidation state of +4.5. In the structure, Ir-Ir dimers are arranged in an edge shared triangular network parallel to the ab plane. Whereas only weak anomalies are evident in the susceptibility data, clearer anomalies are present in the heat capacity data; around 10K for Ba3ScIr2O9 and at 4K for Ba3YIr2O9. Our 45 Sc nuclear magnetic resonance (NMR) lineshape (first order quadrupole split) is symmetric at room temperature but becomes progressively asymmetric with decreasing temperatures indicating the presence of developing inequivalent Sc environments. This is suggestive of distortions in the structure which could arise from progressive tilt/rotation of the IrO6 octahedra with a decrease in temperature T . The 45 Sc NMR spectral weight shifts near the reference frequency with decreasing T indicating the development of magnetic singlet regions. Around 10K, a significant change in the spectrum takes place with a large intensity appearing near the reference frequency but with the spectrum remaining multi-peak. It appears from our 45 Sc NMR data that in Ba3ScIr2O9 significant disorder is still present below 10K. In the case of Ba3YIr2O9, the 89 Y NMR spectral lines are asymmetric at high temperatures but become nearly symmetric (single magnetic environment) below T ∼ 70K. Our 89 Y spectra and T1 measurements confirm the onset of long range ordering (LRO) from a bulk of the sample at 4K in this compound. Our results suggest that Ba3YIr2O9 might be structurally distorted at room temperature (via, for example, tilt/rotations of the IrO6 octahedra) but becomes progressively a regular triangular lattice with decreasing T . The effective magnetic moments and magnetic entropy changes are strongly reduced in Ba3YIr2O9 as compared to those expected for a S = 1/2 system. Similar effects have been found in other iridates which naturally have strong spin-orbit coupling (SOC).
I. INTRODUCTION
Recently, iridium (5d) based oxides have been the attraction of materials researchers due to their interesting quantum states [1] . In the case of 3d based oxides, a large onsite Coulomb interaction (U ) and crystal field splitting are the driving interactions and a small spin-orbit coupling (SOC) is generally considered as a perturbation. The large U drives them to a Mott insulating state. In the case of iridates, U is is expected to be much smaller because of the extended nature of the 5d-orbitals and one might expect the iridates to be metallic rather than magnetic. In contradiction to this naive expectation, many iridates like Sr 2 IrO 4 [2, 3] , (Na/Li) 2 IrO 3 [4] [5] [6] , Na 4 Ir 3 O 8 [7, 8] , and Ba 3 IrTi 2 O 9 [9] are found to be insulators showing exotic magnetic properties. In these iridates, SOC is believed to be comparable to U. The interplay of SOC and U makes these materials Mott insulators through a different mechanism and are often called spin-orbit driven Mott insulators. Kim et al. [2, 3] first reported such a spin-orbit driven Mott insulating state in Sr 2 IrO 4 . Here a large SOC splits the t 2g orbitals of Ir 4+ (5d 5 ) into a half filled J ef f = 1/2 doublet and a completely filled J ef f = 3/2 quadruplet. Further, even a small U can split the narrow J ef f = 1/2 band into lower and upper Hubbard bands and the material becomes a spin-orbit driven Mott insulator. Rapid theoretical [10] [11] [12] [13] [14] and experimental advances are being made in this area. All the materials mentioned above have Ir
4+
(5d 5 ) oxidation state. Materials with iridium oxidation state other than 4+ are not explored much but could be interesting.
We have been searching for new candidates to study this spin-orbit driven physics further. We found the triple perovskite Ba 3 M Ir 2 O 9 series to be rather interesting because a wide range of elements with a variety of oxidation states can be fitted as M. Several reports are available where M is an alkaline metal, a transition metal or a rare earth material. [16] ). In all these compounds, Ir-Ir structural dimers are formed parallel to the crystallographic c-axis and these dimers are connected with each other to form an edge shared triangular lattice in the ab-plane. Novel properties are expected from this structural arrangement in addition to those driven by SOC.
The materials with a fractional oxidation state of Ir are even more interesting because the fractional oxidation state of Ir (accompanied by a unique crystallographic site) can lead them to a metallic state. Sakamoto et al. [16] reported results of magnetic susceptibility and heat capacity measurements on Ba 3 Sc
3+

Ir
4.5+ 2
O 9 . An anomaly at 10K was seen in the heat capacity data (al-though it was not as sharp as normally seen for longrange ordering). The temperature derivative of the susceptibility also showed an anomaly at the same temperature. They suggested that the anomalies arose from the antiferromagnetic (AF) ordering of the spins. A CurieWeiss (CW) fitting of the susceptibility data yielded a large AF Weiss temperature θ CW = −570K and an effective magnetic moment µ ef f = 1.27µ B /Ir. Such a large AF θ CW and a much reduced magnetic ordering temperature indicates presence of frustration in the system. On the other hand, the Y-analog, Ba 3 Y
3+
Ir
4.5+ 2
O 9 [17] showed a sharper anomaly at 4K in the heat capacity data although no such feature was seen in the susceptibility data. A CW fitting of the susceptibility data in this case was not found to be satisfactory. A low moment found in both the cases was explained by formation of antiferromagnetic dimers [16, 17] . However a characteristic broad maximum followed by an exponential fall of susceptibility with decreasing temperature was not seen in either of the cases. These facts inspired us to take up the study of these two materials (i.e., with M =Y, Sc) in detail. When reacted under high pressure, Ba 3 YIr 2 O 9 becomes cubic and the long-range ordering (LRO) disappears. We have earlier reported our results on the high pressure phase of Ba 3 YIr 2 O 9 and compared our results with the ambient pressure phase [18] . We have suggested that the high pressure phase is a spin-orbit driven gapless spin-liquid.
Nuclear magnetic resonance (NMR) is a very useful technique and widely used in strongly correlated electron systems to understand various physics issues like spin gap [19] [20] [21] [22] , magnetic ordering [23] [24] [25] [26] , superconductivity [27] [28] [29] etc. However in this newly developing field of SOC driven materials, to the best of our knowledge, very few [18, [30] [31] [32] NMR results have been reported. As iridium is a good absorber of neutrons, iridates are not easily probed by neutron diffraction/scattering. In these Ba 3 M Ir 2 O 9 (M =Sc, Y) materials, NMR could be a very useful local probe to throw light on their magnetism. In fact in the present case, while we found magnetic ordering from 89 Y NMR measurements in Ba 3 YIr 2 O 9 , ordering could not be detected from neutron diffraction experiments. Also, as discussed earlier, an exponential fall of susceptibility (characteristic of antiferromagnetic dimer systems) was not seen in the case of these materials. Sometimes in bulk measurements the intrinsic susceptibility gets dominated by extrinsic effects. Using a local probe like NMR enables one to track the intrinsic susceptibility via the NMR shift measurement [33, 34] . Here in this paper, we report the results of our magnetization, heat capacity, and NMR measurements ( environments at room temperature which evolves into a single environment with a decrease in temperature, possibly changing from a distorted triangular lattice at high temperature to a near-perfect triangular lattice at lower temperatures with eventual ordering near 4K. On the other hand, in Ba 3 ScIr 2 O 9 , no anomaly is seen in the magnetization data while only a miniscule difference is present in the zero field cooled (ZFC) and field cooled (FC) susceptibilities in a 100Oe field below about 8K. A weak and broad heat capacity anomaly is seen around this temperature. Our
45
Sc NMR measurements in Ba 3 ScIr 2 O 9 indicate that at room temperature, there is a single local environment for Sc suggesting a nearperfect triangular lattice. With decreasing temperature, the 45 Sc NMR line becomes asymmetric with increasing weight around the reference frequency. This could arise from progressive distortions in the structure in some regions (for instance, via tilt/rotation of the IrO 6 octahedra) leading to deviations from magnetic triangular lattice. The progressive increase of the spectral weight near the reference frequency is suggestive of a crossover to a singlet state. Finally, below about 10K, there is a significant change in the lineshape with a large peak near the reference frequency. In accord with this, the 45 Sc NMR spin-lattice relaxation rate 1/T 1 corresponding to the zero-shifted line becomes small at low temperature, indicating the absence of magnetic fluctuations. The spectrum, however, remains multi-peak and suggests the presence of significant disorder.
II. EXPERIMENTAL DETAILS
Polycrystalline samples of Ba 3 M Ir 2 O 9 (M =Sc,Y) were prepared by solid state reaction method as detailed in Refs. [16] and [17] . We have used high purity BaCO 3 ,
and Ir metal powder as starting materials. Sc 2 O 3 and Y 2 O 3 powders were pre-dried at 1000 0 C overnight. Stoichiometric amount of the powders were mixed thoroughly, pressed into pellets and calcined at 900 0 C for 12h. After calcination, the pellet was crushed into powder and again pelletized and fired at 1300 0 C for 100h with intermediate grindings.
Powder x-ray diffraction (xrd) with Cu K α radiation (λ = 1.54182Å) and neutron diffraction (λ = 1.48Å) measurements (for Ba 3 YIr 2 O 9 ) were carried out at room temperature for structural characterization. The magnetization M measurements were done in the temperature (T ) range 2 − 400K and field (H ) range 0 − 70kOe using a Quantum Design SQUID VSM. Heat capacity measurements were performed using the heat capacity attachment of a Quantum Design PPMS. The Table I . Spectral lineshape was obtained by Fourier transform of the spin echo signal resulting from a π/2 − τ − π pulse sequence. Spin-lattice relaxation time was measured by the saturation recovery method. Spin-spin relaxation measurements were carried out using a standard π/2 − t − π pulse sequence. Spinspin relaxation time (T 2 ) was obtained by fitting the time dependence of spin-echo intensity m(t) with
Since the bulk data for the title compounds have been reported earlier, we enumerate below our main conclusions concerning the xrd, magnetization and heat capacity measurements. To avoid repetition, only relevant figures are shown where the analysis is standard.
1. We were able to refine our xrd data for both the compounds corresponding to the space group P6 3 /mmc. From our refinement, we found a small (∼ 6%) site disorder between Sc
3+
ions at the 2a site and Ir
4.5+
ions at the 4f site for Ba 3 ScIr 2 O 9 which is similar to the site disorder (5.5%) found by Sakamoto et al. [16] . Figs. 1(a) and (b) illustrate the main feature of the structure, namely, IrIr dimers forming edge shared triangles. The Y/Sc environment is demonstrated in Fig. 1 (c).
For both the compounds, the susceptibility has a
Curie-Weiss (CW) nature, χ = χ 0 + C/(T − θ CW ). Also, while the Sc-compound shows no anomaly in χ(T ), a weak anomaly at about 4K was observed in the Y-compound (see Fig. 9 ). Note however that for the Sc-compound the susceptibility has very little T -dependence down to nearly 50K (see and hence the θ CW and C values obtained for this compound should be taken with caution. In any case, the effective moments (µ ef f ≃ √ 8C) for the Sc and the Y-compounds were 1.4µ B and 0.3µ B which are much smaller than that corresponding to (say) S = 1/2. In other iridate systems as well, effective paramagnetic moments much smaller than the pure spin value have been observed [9, 35] . This is believed to happen due to partial cancellation of the spin and orbital part coupled via SOC [14] . The θ CW values obtained from the fit are −588 K and ∼ 0K for the Sc and Y-compounds, respectively.
3. The measured heat capacity C P (T ) (which includes the lattice contribution) shows a sharp anomaly at about 4K for the Y-compound but only a weak broad hump around 10K for the Sc-compound ( Fig.  2(a) ). This suggests a transition to long-range order in the former compound. A good fit to the high-T data was obtained using a combination of one Debye term and 3 Einstein terms with coefficients in the ratio 1:1:5:8. The magnetic heat capacity C M (T ) was obtained upon subtracting this lattice contribution ( Fig. 2(b) ). Subsequently, integrating C M (T ) gave the entropy change (△S M ) associated with the magnetic ordering for both the systems. The values of △S M obtained from our analysis are 2J/mole K and 3.6J/mole K for the Sc-compound and the Y-compound, respectively. These are similar to those obtained in Ref. [16, 17] . The expected value of the entropy change Rln(2S + 1) is 5.76J/mol-K for S = 1/2, 9.13J/mol-K for S = 1 and 11.52J/mol-K for S = 3/2. A decrease in the entropy change has also been observed in other iridate systems such as Sr First, let us consider the spectrum at 300K. Since 45 Sc has nuclear spin I = 7/2, one expects the spectrum to be a quadrupolar powder pattern. However, the spectrum at room temperature (inset of Fig. 3(a) ) has a symmetric central line (shifted negatively, i.e., towards lower frequencies, with respect to the reference frequency) with full width at half maxima (FWHM) about 10kHz while the satellite peaks have a much reduced intensity. It appears that the electric field gradient is not very significant as 45 Sc is in an octahedral environment which is not strongly distorted. The observed spectrum at 300K is compared with a combination of a quadrupole split powder pattern (spectrum A) with ν Q = 230kHz and another one with only a coincident central line (spectrum B) with ν Q = 0 (see inset of Fig. 3(a) ). Similar analysis is also done for
45
Sc NMR spectra in Ba 3 Cu 3 Sc 4 O 12 [38] . The mismatch in the intensity in the frequency region between the central line and the satellite anomaly might imply that there is a distribution of environments for 45 Sc nuclei, ranging from a nearly perfect octahedral symmetry to those with lattice distortions.
We next look at the the evolution of the spectrum as a function of temperature which is shown in Fig. 3 . As is clear, with decreasing temperature, the peak moves to lower frequencies and the spectrum broadens. Since the peak shifts negatively as temperature is decreased while χ(T ) increases in a CW manner, it appears that the po- sition of the central line actually tracks χ(T ) with a negative hyperfine coupling. This is illustrated in Fig. 4 where we have plotted the bulk susceptibility (χ − χ 0 ) as a function of temperature on the left axis while −K cg or −K peak are plotted on the right axis. Here the shift is expressed in percent as, for instance, K peak = ν peak −ν0 ν0 ×100 where ν peak is the peak frequency and ν 0 is the reference frequency. For temperatures above 100K, the shift K peak is obtained from the maximum of the central line. At lower temperatures, another peak begins to develop near the reference frequency and so we have plotted both −K peak and −K cg , the latter obtained from the center of gravity of the spectrum. It is seen that both −K peak and −K cg decrease towards zero at low temperature, in contrast to the bulk susceptibility. The upturn seen in χ(T ) must then be of extrinsic origin. By subtracting the instrinsic susceptibility (inferred from the NMR shift) from the measured one, we obtain the Curie behaviour due to extrinsic paramagnetic impurities which are estimated to be about 3% of S = 1/2 entities. Note that the peak in the 45 Sc spectra near the reference frequency can not be from some impurity phase since its relative intensity increases at low temperature [39] . These observations suggest that the system progressively goes to a nonmagnetic state at low temperatures. From the plot of −K cg as a function of (χ − χ 0 ) (not shown), which is linear in the temperature range 75 − 300K, we have calculated A hf = −2.994kOe/µ B . Finally, note that there is an abrupt change in the lineshape around 10K, the temperature at which there is a heat capacity anomaly. Whereas the strange lineshape below 10K could be due to some peculiar spin order, sharp peaks at around 97.13 MHz Sc NMR spin-lattice relaxation rate (1/T 1 ) and its variation with temperature. Most of our 1/T 1 data were taken with the transmitter frequency coincident with that of the main peak, i.e., around 97.13MHz. A few representative longitudinal nuclear magnetization recovery data are shown in the inset of Fig. 5 . All the recovery curves have an initial fast component followed by a single exponential decay at higher delays. Since
Sc is a quadrupolar nucleus, in case the central line and the satellites are not fully irradiated, the recovery of the longitudinal nuclear magnetization is not expected to be single exponential [43, 44] . In the present case, due to the relatively small ν Q , we are in a situation of nearly full saturation of the satellites. In any case, by measuring the slope of the long time recovery, we can extract 1/T 1 which is what we have done. Temperature variation of 1/T 1 is shown in Fig. 5 . It can be seen that from room temperature down to ∼ 175K, 1/T 1 is almost constant as would be the case in the paramagnetic regime. Below 175K it increases with decreasing temperature but again becomes almost constant below about 100K. The increase suggests the building up of magnetic correlations but there is an inability to order due possibly to the geometric frustration. The leveling off near 100K is again commensurate with the growth of non-magnetic regions as seen from the spectra. Also, a representative T 1 measurement taken near the reference frequency (97.19MHz) indicates that the corresponding relaxation rate is much smaller than that at the main peak (see inset of Fig. 3(b) ). This is further indication that the peak near the reference frequency arises from nonmagnetic regions. The absence of any divergence of 1/T 1 with temperature down to 4K means that a large part of the sample remains disordered in this temperature range. These data are somewhat reminiscent of the LiZn 2 Mo 3 O 8 system where the data (a broad crossover in the susceptibility, a hump in the specific heat, and no ordered moments [42] ) suggest a gradual "gapping out" rather than a phase transition. There, a physical distortion of the triangular lattice giving rise to a decoupling of the honeycomb lattice from the central spins has been suggested [40, 41] . Whether a similar outcome (gradual gapping out in some regions of the sample) is evident in our Sc-system is not clear though if that were to be the case, we do not seem to sense the Curie contribution of the central spins in the evolution of the 45 Sc NMR lineshape with temperature.
With the above background, we next focus on the isostructural compound Ba 3 YIr 2 O 9 . In this system, the aspects that are different from the Sc-system and might be to our advantage are (i) 89 Y has nuclear spin I = 1/2 hence there will be no quadrupolar effect and (ii) the near-absence of a site disorder between Y and Ir.
B.
89 Y NMR in Ba3YIr2O9
Evolution of the 89 Y spectral shape, shift and relaxation rates in Ba 3 YIr 2 O 9 as a function of temperature are discussed in the following. The
89
Y spectra in Ba 3 YIr 2 O 9 are narrow (∼ 8 − 10kHz) except for the one at 4K. As shown in Fig. 6 , the spectral line at 250K is asymmetric with a sharp peak on the right side and a shoulder on the left. The spec- trum at 250K is on the left side of the reference line and therefore has a negative shift. Such a lineshape looks typical of a powder pattern with an axially symmetric Knight shift tensor. However, the temperature dependence of the anisotropic components −K par (contribution from θ = 0, i.e., field along the axis) and −K perp (contribution from θ = 90
• , i.e., field perpendicular to the axis), as shown in Fig. 8 , is unusual. Although the average shift increases in a Curie-like manner tracking the bulk susceptibility, −K par is nearly unchanged at high-temperature while it tracks −K perp below 70K or so. This is also illustrated in −K perp vs. −K par plot (inset of Fig. 8 ) which is not linear. This would imply that either the susceptibility anisotropy or the hyperfine coupling anisotropy changes with temperature. Another possibility is that the anisotropy of the lineshape arises from a distribution of magnetic environments for the 89 Y nuclei. The observed variation with temperature would then further imply that the local environments become more homogeneous with a decrease in temperature. One could then speculate that the distribution of magnetic environments comes from a distortion of the triangular lattice by rotations and tilts of the IrO 6 octahedra. One could then further speculate that distortions heal at lower temperatures and the lattice becomes more perfectly triangular and the system can then order (seen from the sudden increase in linewidth below about 4K). It is anyhow unusual for the anisotropy of the lineshape to decrease with temperature. In any case, this is in complete contrast to Ba 3 ScIr 2 O 9 where a symmetric lineshape at room temperature evolves to an asymmetric one at lower temperatures. It should be mentioned that in the case of Ba 2 YMoO 6 also 89 Y spectral lineshape was observed to be asymmetric at high temperatures although there is a single Y site [31] .
Since the spectral line is asymmetric at higher temperatures, we have calculated the shift taking the centerof-gravity (K cg ) of each spectrum. The temperature dependence of the shift (−K cg ) is shown in Fig. 9 . The jump in the shift near 4K is most likely due to the magnetic ordering. We have fitted our shift data with the Curie-Weiss formula −K cg = −K 0 − C/(T − θ) in the temperature range 10 − 250K. It is nicely fitted with the formula and we obtained −K 0 = 0.0387% and θ ∼ −37K, which means the interaction is antiferromagnetic in nature. With an ordering temperature of 4K, we get a frustration ratio f = 37/4 > 9 where the frustration comes from the edge-shared triangular structure. Next we have estimated the hyperfine coupling constant as follows. In the inset of Fig. 9 , shift (−K cg ) is plotted as a function of (χ − χ 0 ) which is linear above ∼ 60K. From the slope of the line, we get the hyperfine coupling A hf = −0.339kOe/µ B . The actual slope has been divided by 6 as 89 Y is hyperfine coupled to 6 Ir. The y−intercept of the line gives −K 0 = −K chem = 0.021% = 210ppm. It should be noted that for the cubic phase sample [18] of Ba 3 YIr 2 O 9 , the shift is temperature independent and has −K 0 = −K chem = 0.064% = 640ppm. The deviation from linearity of the K − χ data (below about 60K) suggests a low temperature extrinsic Curie term in χ(T ).
In contrast to the Sc-sample, the linewidth is small here and we find a single exponential behavior for the recovery of the longitudinal nuclear magnetization at all temperatures. A few representative recovery curves are shown in the inset of Fig. 10 with their fits. The spin lattice relaxation rate (1/T 1 ) is shown as a function of temperature in Fig. 10 . At 200K, 1/T 1 is small but slowly increases as temperature is decreased. This suggests building up of short range interactions between the spins. Once again, there is a change in the 1/T 1 behavior around 70K precisely where the lineshape becomes symmetric and we have suggested that this reflects the "healing" of distortions at low temperatures. Below about 70K, 1/T 1 becomes almost temperature independent down to 15K and increases below that. The divergence in 1/T 1 at 4K is due to the critical slowing down of the spin fluctuations on approach to long-range ordering. The temperature variation of spin-spin relaxation rate (1/T 2 ) is plotted in Fig. 10 along with 1/T 1 . At higher temperatures 1/T 2 is much larger (as might be expected) than 1/T 1 but near 4K they become nearly equal which is another signature of long-range ordering.
IV. CONCLUSIONS
Both the systems studied here Ba 3 M Ir 2 O 9 (M =Sc,Y) show interesting properties. One might have expected them to be metallic because of the extended nature of the Ir 5d orbitals and the fractional valence of Ir. But in reality the samples are insulating and at least one of them (Ba 3 YIr 2 O 9 ) orders magnetically. In the case of Ba 3 ScIr 2 O 9 , our local probe (NMR) data provide evidence that the sample is magnetically homogeneous at high temperatures, then the 45 Sc nuclei have distinct magnetic environments at intermediate temperatures and finally a large fraction of the system goes to a singlet state at low temperatures. The associated entropy change for Ba 3 ScIr 2 O 9 is almost 50% of that found in Ba 3 YIr 2 O 9 and much smaller than the theoretically expected value. The data on the Sc-system suggest a gradual "gapping out" as temperature is decreased though there is evidence of an abrupt change as well in the NMR lineshape around 10K. Whether there is any structural-distortionassisted break-up of the triangular lattice into singlet entities is something that remains to be proven. From our NMR results we can say that the system is certainly interesting for further study, say, using muon spin rotation (µSR) as a local probe of magnetism. On the other hand, in the case of Ba 3 YIr 2 O 9 the 89 Y lineshape is asymmetric at room temperature and progressively becomes more symmetric at lower temperatures. This could be due to a change, with temperature, of the anisotropy of the hyperfine couplings or due to a change in the distribution of magnetic environments. We feel that it is likely related to some subtle change in structural details (such as rotation/tilt of IrO 6 octahedra) with temperature which impacts the magnetism. The system orders magnetically at 4K. Nevertheless, a small Curie constant C = 0.0125 cm 3 K/mol-Ir (30 times smaller than the S = 1/2 value) and a small entropy change is found in our measurements. These unusual features seem to be driven by the frustration due to the triangular network of Ir-Ir dimers in addition to a strong SOC present in the iridates.
